We determined P-cell replication and mass in basal and stimulated conditions in long-term transplanted islets. Three groups of streptozocin-induced diabetic Lewis rats were transplanted with 1,000 islets (500 islets under left and right kidney capsules). At 2 (Tx-2), 5 (Tx-5), or 9 (Tx-9) months after transplantation, one of the two grafts (basal) was harvested; 14 days later, the contralateral graft (stimulated) was also harvested. Normoglycemia was achieved and maintained in all transplanted rats, although the capacity to respond to a glucose challenge deteriorated slightly 9 months after transplantation, p-cell replication remained stable in Tx-2, Tx-5, and Tx-9 basal grafts and was similar to replication in a control group of nontransplanted rats (0.28 ± 0.06%); replication increased in Tx-2 (0.90 ± 0.23%, P < 0.05) and Tx-9 (0.72 ± 0.09%, P < 0.05) stimulated grafts, p-cell mass in basal grafts was similar to the initially transplanted mass (1.24 ± 0.06 mg) and increased in stimulated grafts in Tx-2 (1.91 ± 0.38 mg, P < 0.05) and Tx-5 (1.73 ± 0.27 mg, P = 0.01) groups, compared with basal grafts, and in Tx-2 and Tx-9 groups (1.92 ± 0.30 mg, P < 0.05), compared with initially transplanted mass. Therefore, P-cell replication and mass were preserved up to 9 months after syngeneic transplantation, and pcells maintained the capacity to respond to increased metabolic demand, suggesting that replication is not a limiting factor in the survival of transplanted islets. Diabetes 45:1541-1546, 1996 P ancreas transplantation results in long-term insulin independence in a high percentage of diabetic patients (1). In contrast, normoglycemia is seldom achieved after islet allotransplantation or has short duration (2-4). The causes of the limited survival of transplanted islets, compared with whole-organ transplantation in diabetic patients, large
animals (5, 6) , and rodents (7), are not well understood. Although better results have been reported with islet autotransplants (8) , graft failure is also common in islet autografts (5) , suggesting that nonimmunological factors play a role in the poor outcome of islet transplants.
The mass of transplanted islets plays a crucial role in the evolution of the graft. A critical islet mass, higher than predicted (9) , must be transplanted to achieve normoglycemia, and late failures depend on the number of initially transplanted islets (10) (11) (12) . p-cell replication may be an essential determinant of the survival of transplanted islets, and a limitation in the growth capacity of transplanted islets compared with native pancreatic islets could lead to a continuous decline in p-cell mass and contribute to graft failure (13) .
We have previously shown that in short-term successful islet transplants, replication of P-cells is similar to that of endogenous pancreatic p-cells, and p-cell mass is preserved (14) . Furthermore, transplanted p-cells respond to changes in metabolic demand, increasing their replication and mass, and the response is similar to that of native pancreas (15) . However, despite the essential role of islet mass in the outcome of the graft, p-cell replication and mass have not been determined in longterm transplanted islets. Therefore, the aim of this study was to determine the evolution of p-cell replication and mass in long-term syngeneic islet transplantation, both in basal conditions and in response to increased metabolic demand. To create a situation of increased metabolic demand, we reduced the transplanted islet mass by 50% and measured replication, size, and mass, both before and after the reduction. Data are means ± SE. In the control group, day of transplant columns show blood glucose values and body weights of normal non-streptozocin-injected animals of similar age to the transplanted rats. = 11), or 9 months (Tx-9 group, n = 13) after transplantation (Table 1 ). In each transplanted group, five rats had both grafts removed simultaneously to determine basal p-cell replication. The remaining animals had one graft (basal) initially harvested and the contralateral graft (stimulated) harvested 14 days later. Because harvesting of basal grafts reduced the transplanted p-cell mass by 50%, the stimulated graft had to meet an increased metabolic demand to maintain normoglycemia. Blood glucose and body weight were measured daily after basal graft harvesting. Immediately after the harvesting of the grafts, animals were killed and the pancreas excised to determine insulin content. Rats were randomly distributed among the three transplant groups; basal grafts were randomly harvested from the left and right kidney capsules to prevent any interference due to transplantation technique. One rat developed a kidney neoplasia 8 months after transplantation, and one rat in the Tx-9 group died for technical reasons after basal graft harvesting; both were excluded.
Three control groups of normal nontransplanted rats were studied (Table  1) . Rats in the control group (n = 6) had blood glucose and body weight determined monthly and underwent an intraperitoneal glucose tolerance test at 4, 7, and 11 months of age. The other two groups had their pancreases excised when they were 4 months old (C-2 group) and 11 months old (C-9 group), the same age as the Tx-2 and Tx-9 groups, respectively, to determine P-cell replication in normal pancreas. The insulin content in normal pancreas was determined in five additional rats. Finally, the P-cell mass of eight groups of 500 isolated islets was measured to determine the initially transplanted p-cell mass. Isolation and transplantation. Islets were isolated, as previously described (14) . Briefly, after pancreas digestion with collagenase (Collagenase P; Boehringer Mannheim) in a stationary bath at 37°C, islets were separated on a density gradient (Hystopaque-1077; Sigma). Isolated islets were hand-picked under a stereomicroscope two or three times until a population of pure islets was obtained. Only islets >75 and <250 um in diameter were collected and carefully counted into two groups of 500 islets that were transplanted under the left and right kidney capsules on the day of the isolation. The two groups of islets were placed into 200-ul pipette tips, allowed to sediment, and then gently transferred to a polyethylene tubing PE-50 (Becton Dickinson, Sparks, MD) with the help of a 1-ml Hamilton syringe (Hamilton, Reno, NE). The tubing was folded and centrifuged for 1 min at 400g to pellet the islets; after centrifugation the pipette tip was connected again to the Hamilton syringe. With the rats under light ether anesthesia, the kidney was exposed through a lumbar incision. A capsulotomy was performed in the lower pole of the kidney and the tip of the tubing advanced under the capsule to the upper pole where islets were carefully injected. The lumbar incision was sutured and the same process was performed to inject the other 500-islet pellet under the kidney capsule of the contralateral kidney. Graft and pancreas removal in transplanted groups. To determine p-cell replication, rats were injected with the thymidine analog 5-bromo-2'deoxyuridine (BrdU) (Sigma), 100 mg/kg body wt i.p., and 6 h later, the grafts were harvested and the animals were killed. In each transplanted group, five animals were injected with BrdU and had both grafts removed simultaneously to determine basal p-cell replication. In the remaining animals, BrdU was injected only when the stimulated graft was harvested to determine stimulated P-cell replication. In this way, we excluded any possible interference from previously incorporated BrdU in the measurement of stimulated p-cell replication and any possible toxic effect of the drug (16) . With the rat under light ether anesthesia, the kidney was exposed and the graft identified as a white patch. The kidney capsule surrounding the graft was incised and removed with the graft. Usually, all the graft was removed with the capsule; in the cases where the grafted islets were infiltrating the kidney cortex, a second piece of tissue was also taken to ensure that the entire graft was taken. After basal graft harvesting, the kidney bearing the graft was also excised to further ensure that no islet tissue was left. After removal, the graft was fixed in Bouin's solution and processed for paraffin embedding. The weight of the graft was determined on a Mettler balance type A240 reading to 0.01 mg (Mettler Instruments, NJ), as described earlier (14) . After harvesting of both grafts, rats were killed and the pancreas was immediately excised and stored at -20°C in acid ethanol until processed for insulin content determination. The pancreatic insulin content was determined to ensure that normoglycemia had been maintained by transplanted islets. Pancreas removal in nontransplanted groups. Normal C-2 and C-9 group animals were injected with BrdU 6 h before pancreas excision, as described for transplanted rats. A midlaparotomy was performed and the pancreas was exposed, the animal was killed, and the pancreas was dissected from surrounding tissues, excised, blotted, weighed, and fixed in Bouin's solution. Subsequently, the pancreatic tissue was embedded in paraffin. In the five normal rats used to determine insulin content, the pancreas was excised, blotted, and immediately stored at -20°C in acid ethanol until processed for insulin content determination. Immunocytochemistry. Two-micrometer sections of graft and pancreas were double-stained for BrdU and for the endocrine non-p-cells of the islets with immunoperoxidase. Immunostaining for BrdU used a Cell Proliferation Kit (Amersham International, Amersham, U.K.). Staining for the endocrine non-p-cells used a cocktail of antibodies (Dako, Carpinteria, CA): rabbit anti-porcine glucagon (final dilution 1:1,000), rabbit anti-human somatostatin (final dilution 1:1,000), and rabbit anti-human pancreatic polypeptide (final dilution 1:500). A swine anti-rabbit IgG was used as a secondary antibody. The sections were stained with 3,3'-diaminobenzimide tetrahydrochloride (Sigma) and hydrogen peroxide (Merck, Darmstadt, Germany). p-cell replication, individual p-cell area, and p-cell mass. Methods used for measurement of p-cell replication, area, and mass have been described in detail (14) . For p-cell replication, P-cells and BrdU-positive P-cells were counted using an Olympus BH-2 microscope connected to a video camera with a color monitor. Results were expressed as the percentage of BrdU-positive p-cells. At least 1,500 cells were counted per graft or pancreas.
The mean cross-sectional area of individual p-cells, a measure of P-cell size, was determined on immunoperoxidase-stained sections of grafts and isolated islets. For both grafts and isolated islets, the P-cell nuclei on a random field were counted and the area of the p-cell tissue in that field measured with an electronic planimetry program (Sigma Scan 3.9; Jandel, Erkrath, Germany). The p-cell area was divided by the number of P-cell nuclei to calculate the area of the individual p-cells. As pointed out previously (14) , the actual number of p-cells was higher than the number counted, since not all p-cells were sectioned across their nuclei and, therefore, the size of the p-cells was overestimated.
P-cell mass was measured by point-counting morphometry on immunoperoxidase-stained sections of graft and endogenous pancreas. Each section was covered systematically using a 48-point grid to obtain the number of intercepts over p-cells, over endocrine non-p-cells, and over other tissue. The P-cell relative volume was calculated by dividing the intercepts over p-cells by intercepts over total tissue; then the p-cell mass was estimated by multiplying p-cell relative volume by graft weight. Endocrine non-p-cell mass and pancreatic exocrine mass were obtained in the same way. The P-cell mass of the islets at the time of the transplantation was determined in eight groups of 500 islets isolated on different days. P-cell mass was obtained by multiplying the weight of the islets by the percentage of |3-cell volume, as derived from our data (91.3%).
Intraperitoneal glucose tolerance test. The intraperitoneal glucose tolerance test was performed in six rats of the Tx-9 group 2, 5, and 9 months after transplantation and in four age-matched rats of the control group when they were 4, 7, and 11 months old. Between 11:00 A.M. and noon, after a 2-h fast, nonanesthetized rats were injected with a 30% glucose solution (Sigma), 2 g • kg" 1 • body wt" 1 i.p. Blood glucose was determined at the time of injection and 15, 30, 60, and 120 min later. Insulin content. Pancreatic insulin content was determined in five normal rats and in all transplanted rats after the harvesting of both grafts to ensure that normoglycemia had been maintained by transplanted islets. After excision, the pancreases were stored in acid ethanol at -20°C until homogenized with an Ultra Turrax T-25 homogenizer (Janke & Kendel GMBH & Co. KG, Ika- Laborthecnik, Staufen, Germany). After homogenization, the samples were extracted overnight at 4°C. On the following day, they were centrifuged at 2,400 rpm for 10 min and the supernatant was stored at -20°C. The pellet was again homogenized in acid ethanol and insulin extracted overnight. After centrifugation, this second supernatant was added to the first extraction sample. Insulin was measured by radioimmunoassay using a rat insulin standard (Novo Nordisk, Copenhagen, Denmark) and polyethyleneglycol separation. Statistical analysis. Results were expressed as means ± SE. For comparisons between basal and stimulated grafts, the paired or unpaired Student's t test was used, as appropriate, and for multiple comparisons between groups, the one-way analysis of variance (ANOVA) was used. A P value of <0.05 was considered significant.
RESULTS
Metabolic evolution after transplantation. All groups were comparable in age and body weight when injected with streptozocin at the start of experiments (data not shown). At the time of transplantation, diabetic groups had similar blood glucose and body weight. Normoglycemia was restored in all animals 1 month after transplantation and was maintained throughout followup (Table 1) . Insulin content was very low in pancreases of transplanted rats compared with normal rats (70.9 ± 8.6 ug/pancreas) and did not change with time (Tx-2 group: 4.81 ± 1.2 ug/pancreas; Tx-5 group: 3.95 ± 1.2 ug/pancreas; Tx-9 group: 3.22 ± 0.6 ug/pancreas). Transplanted rats showed higher glucose values than control rats 30, 60, and 120 min after intraperitoneal glucose injection at any time point after transplantation (Fig.  1) . Aging did not modify glucose tolerance in the control group; in contrast, glucose tolerance deteriorated in older transplanted rats, which, 9 months after transplantation, exhibited higher glucose values 30 min (2 months: 19.9 ± 2.1 mmol/1; 9 months: 24.7 ± 1.3 mmol/1, P < 0.05) and 60 min (2 months: 14.6 ± 0.9 mmol/1; 9 months: 20.2 ± 2.3 mmol/1, P < 0.05) after glucose injection. Blood glucose evolution after basal graft extraction. Harvesting of basal grafts resulted in mild and transient hyperglycemia, but when stimulated grafts were harvested 14 days later, all groups were normoglycemic (Fig. 2) . However, the evolution of blood glucose in the days between basal and stimulated graft harvesting was different in the three transplanted groups. In Tx-2 group, Table 1 and in METHODS. Values are means ± SE. *P < 0.05 between stimulated Tx-2 grafts and basal Tx-2 grafts and C-2 group (oneway ANOVA, P < 0.01). %P < 0.01 between stimulated Tx-9 grafts and basal Tx-9 grafts and C-9 group and between basal Tx-9 grafts and C-9 group (one-way ANOVA, P < 0.001).
FIG. 3. |J-cell replication in normal pancreas and in transplanted islets. Replication is expressed as percentage of BrdU-positive P-cells. Groups on the jc-axis correspond to those described in
hyperglycemia was detected on day 12 after basal graft harvesting, and there was also a tendency toward hyperglycemia on days 9 (P = 0.056), 10 (P = 0.067), and 11 (P = 0.055), compared with day 0. The Tx-9 group was hyperglycemic throughout the first 6 days after basal graft harvesting and again on day 12. In contrast, Tx-5 rats exhibited a better metabolic profile, since they were mildly hyperglycemic only on day 2 after basal graft harvesting and remained strictly normoglycemic afterwards. p-cell replication. In basal grafts, replication of p-cells was similar in all transplanted groups, remained stable throughout the follow-up, and was similar to replication in P-cells in the normal pancreases of the C-2 group (0.28 ± 0.06%) (Fig. 3) . However, basal P-cell replication was increased in the Tx-9 group (0.36 ± 0.08%), compared with the normal pancreases of the age-matched C-9 group (0.16 ± 0.03%, P < 0.01). p-cell replication increased in the Tx-2 group-stimulated grafts, compared with basal grafts (0.90 ± 0.23 vs. 0.32 ± 0.09%, P < 0.05) and with normal pancreas of the age-matched C-2 group (P < 0.01). A similar increase was found in Tx-9 group-stimulated grafts (0.72 ± 0.09%), compared with basal grafts and with the age-matched C-9 group (P < 0.001). No differences in p-cell replication were detected between the C-2 and C-9 groups, between Tx-5 group basal and stimulated grafts, or between the Tx-2 group and Tx-9 group-stimulated grafts. P-cell area. The individual cross-sectional area of (3-cells in isolated islets was 210 ± 6 um 2 . p-cell size in basal grafts was similar in transplanted groups (Tx-2: 256 ± 15 um 2 ; Tx-5: 267 ± 11 um 2 ; Tx-9: 280 ± 15 um 2 ), but higher than in isolated islets (P = 0.008) (Fig. 4) . p-cell size increased in stimulated grafts in the Tx-9 group (328 ±17 um 2 , P < 0.05), compared with basal grafts, but not in the Tx-2 (287 ± 13 um 2 ) and Tx-5 (287 ± 12 um 2 ) groups. P-cell mass. P-cell mass in basal grafts in the Tx-2 (0.90 ± 0.16 mg), Tx-5 (0.99 ± 0.24 mg), and Tx-9 (1.56 ± 0.23 mg) groups was similar to the initially transplanted Pcell mass in 500 isolated islets (1.24 ± 0.06 mg) (Fig. 5) . Table 1 . Isolated islets show p-cell area on transplantation day. Values are means ± SE. *P < 0.01 between isolated islets and all other groups. $P < 0.05 between basal and stimulated grafts.
P-cell mass was increased in stimulated grafts in the Tx-2 (1.91 ± 0.38 mg, P < 0.05) and Tx-5 (1.73 ± 0.27 mg, P = 0.01) groups, compared with basal grafts, and in the Tx-2 and Tx-9 (1.92 ± 0.30 mg, P < 0.05) groups, compared with the initially transplanted mass. However, in the Tx-9 group, P-cell mass in the stimulated grafts was not higher than that in basal grafts. It must be noticed, however, that the P-cell mass in basal grafts in the Tx-9 group was already increased (P < 0.05), compared with basal grafts in the Tx-2 group. No changes in endocrine non-p-cell mass were found between basal and stimulated groups, indicating the specificity of p-cell response to changes in metabolic demand.
DISCUSSION
We have determined the evolution of metabolic control and p-cell replication, size, and mass 2, 5, and 9 months after syngeneic islet transplantation. Transplanted P-cells were studied in basal and stimulated conditions after a 50% reduction of transplanted islet mass. Normoglycemia was achieved and maintained throughout the follow-up in all transplanted rats, although the capacity to respond to a glucose challenge deteriorated slightly 9 months after transplantation, p-cell replication remained stable in basal grafts and increased in stimulated grafts, indicating preserved p-cell replicative capacity, p-cell mass in basal grafts was similar to the initially transplanted mass and increased in stimulated grafts, compared with basal grafts or with the initially transplanted mass. Nine months after transplantation, p-cell mass did not increase significantly in stimulated grafts compared with basal grafts, despite increased P-cell replication and size, suggesting that the capacity of long-term transplanted P-cells to survive severe increments in metabolic demand may be limited.
Rats were transplanted with 1,000 islets because this is the minimal p-cell mass that consistently achieves normoglycemia after syngeneic transplantation into streptozocin-induced diabetic rats (17) (18) (19) . This borderline p-cell mass was transplanted into two grafts of 500 islets to ensure that harvesting of one graft would significantly Table 1 . The bar representing 500 islets shows the initially transplanted P-cell mass in 500 islets. Values are means ± SE. *P < 0.05 between basal and stimulated grafts. %P < 0.05 between basal Tx-9 group grafts and basal Tx-2 group grafts. §P < 0.05 between Tx-2 and Tx-9 stimulated grafts and 500 isolated islets.
challenge the 3-cells of the remaining graft; the model proved to be very useful to determine the adaptation of transplanted 3-cells to changes in metabolic demand. Moreover, transplantation of a minimal (3-cell mass increased the possibilities to detect any worsening of glucose control, since late failures of transplanted islets have been related to the amount of initially transplanted mass (10) (11) (12) . The results showed that the transplanted islet mass restored normoglycemia and maintained it throughout the 9-month follow-up, although transplanted rats were persistently less efficient than normal rats to control an acute intraperitoneal glucose challenge. In response to increased metabolic demand, Tx-9 rats had prolonged hyperglycemia after basal graft harvesting, and glucose control after intraperitoneal glucose injection deteriorated 9 months after transplantation. In contrast, no changes in glucose tolerance were found in old control rats, indicating that deterioration was specific for transplanted islets. A shorter follow-up after transplantation (18) or the transplantation of a higher p-cell mass (20) could have precluded the finding of such deterioration in glucose metabolism and may explain some of the discrepancies about 3-cell function in transplanted islets (6) (7) (8) . Therefore, transplantation of a borderline 3-cell mass maintained fasting and fed normoglycemia for extended periods of time, although the capacity to meet an increased metabolic demand deteriorated slightly in long-term transplanted islets. 3-cell replication was similar in basal grafts of the Tx-2, Tx-5, and Tx-9 groups and increased in stimulated grafts in Tx-2 and Tx-9 rats, indicating preserved 3-cell replication in long-term transplanted islets. On the other hand, 3-cell replication was not increased in the Tx-5 group when stimulated grafts were harvested. Glucose is a well-known stimulus for 3-cell replication, both in vitro (21, 22) and in vivo (23) , and hyperglycemia, present in the Tx-2 and Tx-9 groups just before harvesting the stimulated grafts, probably increased 3-cell replication in these groups. In contrast, in the Tx-5 group, hyperglycemia was detected only in the first 2 days after basal graft harvesting and rats remained normoglycemic thereafter. In parallel with the evolution of blood glucose in the Tx-5 group, 3-cell replication probably increased the first days after basal graft harvesting, as suggested by the increased 3-cell mass in stimulated grafts, and then returned to the basal level. The better evolution of blood glucose after basal graft harvesting in the Tx-5 group compared with the Tx-2 group may be related to the process of engraftment, which needs several months to be completed. Initial reinnervation of islets transplanted under the kidney capsule has been detected 2 months after transplantation, but reinnervation is not clearly established until 3-4 months later, and some changes take place even later (24) . In association with the reinnervation of transplanted islets, coordinate pulsatile insulin delivery is established 6 months after transplantation and is accompanied with increased total insulin secretion (25) . Therefore, better islet engraftment in the Tx-5 group may have resulted in shorter hyperglycemia after basal graft harvesting and, in more transient increment, in 3-cell replication. Dunger et al. (26) reported increased replication in pancreatic islets transplanted into the kidney capsule when the non-islet-bearing kidney was removed, although the results were not confirmed in a recent study (27) . The absence of increased replication in the Tx-5 group indicates that increased 3-cell replication did not result from local nonspecific growth stimulation secondary to nephrectomy.
3-cell replication in the Tx-9 group basal grafts was higher than in the normal age-matched C-9 group. The increased replication suggests that 3-cells were already stimulated in basal grafts, a suggestion further supported by their increased 3-cell mass. Higher metabolic demand in older Tx-9 rats due to insulin resistance may have resulted in increased 3-cell replication and mass in basal grafts. This increased 3-cell replication in basal grafts and the further increment in stimulated grafts indicate that 3-cell replicative capacity was preserved in longterm transplanted islets.
In the normal adult pancreas, 3-cell regeneration takes place through the replication of 3-cells, but in particular conditions, a second pathway of regeneration occurs and new 3-cells differentiate from precursor cells of the ductal epithelium (28) (29) (30) (31) . However, transplanted islets are deprived of ductular structures and cannot use this pathway to increase their 3-cell mass. Furthermore, it has been suggested that the absence of ductal precursors may prevent the renewal of the replicative pool of transplanted 3-cells (13) . In situations of increased 3-cell destruction, such as rejection episodes, the absence of ductular precursor cells could limit the capacity of grafted islets to regenerate and replace dying 3-cells and could contribute to the limited survival of transplanted islets, compared with whole-organ transplants (1, 8) . Our results, however, show that 3-cell replication was preserved in long-term transplanted islets and suggest that lack of ductular structures was not a limiting factor in the regeneration of transplanted 3-cells, even when 3-cell mass was severely reduced.
3-cell mass results from a dynamic balance between cell proliferation, cell size, and cell death (32) . In basal grafts, 3-cell replication, size, and mass remained stable in the first 5 months after transplantation, indicating that in the absence of immune rejection, transplanted (3-cells maintained a balance between the rate of appearance of new 3-cells and the rate of P-cell loss. Furthermore, in response to increased metabolic demand, transplanted islets increased fS-cell replication and mass and maintained normoglycemia. In the Tx-9 group, 3-cell replication and mass were already increased in basal grafts, showing that the capacity to respond to moderate increases in demand was preserved. However, when metabolic demand was further increased after basal graft harvesting, P-cell replication and size increased in stimulated grafts, but P-cell mass did not change significantly, suggesting that p-cell death could be increased. The causes of the limited capacity of the Tx-9 group (3-cells to survive this additional and severe increment in metabolic demand are not known but could play a role in the poor long-term outcome of islet transplantation.
In summary, we have shown that long-term transplanted islets have a preserved p-cell replication and mass and a remarkable capacity to respond to increased metabolic demand, even when only a borderline (3-cell mass is transplanted. In basal conditions, fi-cell replication was sufficient to compensate normal (3-cell death and to maintain 3-cell mass; in stimulated conditions, (3-cell replication and mass increased, and normoglycemia was maintained, although in extreme conditions, a limited capacity to increase 3-cell mass was found. The results are very encouraging for the future of transplanted islets, since they indicate that the long-term survival of islets should not be hampered by limitations in the replicative capacity of transplanted fJ-cells.
